biomarkers; neutrophil gelatinase-associated lipocalin; monocyte chemoattractant protein-1; RNA polymerase II; HK-2 cells ACUTE KIDNEY INJURY (AKI) is typically a silent clinical event, usually being identified only after its occurrence by the onset of progressive azotemia. Because of this, there has been a concerted effort to identify AKI "biomarkers," with the hope of facilitating timely prophylactic and/or early therapeutic interventions. Toward this end, three general diagnostic approaches have been used. First, increased excretion of "resident" proximal tubule proteins has been sought. Candidate molecules include both proximal tubular cell transport proteins (34) and enzymes (e.g., N-acetylglucosaminidase; alkaline phosphatase, ␥-glutamyltransferase) (2, 10, 14, 25, 42) . A second approach has been to document proximal tubular dysfunction, as denoted by decreased tubular reabsorption of freely filtered low-molecular-weight proteins (e.g., ␤2-microglobin, lysozyme, or cystatin C) (17, 26, 39) . Third, and the approach which has received the greatest recent attention, has been to quantify the urinary excretion of tubular proteins that are acutely overexpressed in response to AKI. Neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) are two such examples (3-5, 8, 9, 18, 28) .
It is noteworthy that each of these three general approaches is based on quantifying the concentrations of a specific urinary protein. To better interpret these results, it could prove useful to compare each of these protein biomarkers to either total urinary protein (uTP) or urinary albumin (uAlb) content. Although total protein and albumin excretion remain "gold standards" in the evaluation of chronic glomerulopathies, their potential utility as AKI biomarkers has received surprisingly little attention and remains poorly defined. Hence this study has sought to clarify whether urinary albumin might provide useful information in this regard. Furthermore, we tested the novel hypothesis that the albumin gene, which is normally repressed in kidney, could potentially be upregulated in response to AKI and thus express characteristics of an acute renal tubular stress reactant (e.g., analogous to NGAL or KIM-1). To evaluate these possibilities, we have measured uTP and uAlb concentrations during the early phases (2-4 h; 24 h) of five different mouse models of AKI (ischemia-reperfusion, maleate nephrotoxicity, glycerol-induced rhabdomyolysis, urinary tract obstruction, and endotoxemia). Potential activation of the albumin gene was assessed by quantifying renal cortical albumin mRNA. Proximal tubule cell-specific results were sought using cell culture experiments. Finally, potential translational value of these experimental data was sought by studying both urinary albumin concentrations, and levels of RNA polymerase II (Pol II) binding to urinary fragments of the albumin gene in critically ill patients with (AKϩ) and without AKI (AKIϪ). These experiments, described below, provide evidence for AKI-mediated albumin gene induction in the renal cortex and support the concept that albuminuria may, indeed, have AKI biomarker utility.
METHODS

Animal Experiments
Male CD-1 mice (25-35 g; Charles River Laboratories, Wilmington, MA) were used for all animal experiments. Surgeries were performed under deep pentobarbital sodium (40 -50 mg/kg ip) using protocols that were approved by the Institutional Animal Care and Use Committee. Five different models of renal injury were studied as follows.
Maleate nephrotoxicity. Maleate-mediated proximal tubule injury was induced by Na maleate injection (600 mg/kg ip) (36) . Either 4 or 24 h later (n ϭ 5 at each time), the mice were anesthetized, a midline abdominal incision was made, and then plasma, urine, and kidney samples were obtained. Matched samples from five normal mice served as controls. Plasma samples were used to quantify blood urea nitrogen (BUN) concentrations as an index of kidney injury. The kidneys were resected, iced, and cortical tissue samples were extracted for total RNA with an RNeasy Kit (Qiagen) for subsequent RT-PCR analyses (36) . Urine samples were assayed for total protein, albumin, and creatinine concentrations (see below).
Rhabdomyolysis-induced AKI. Five mice were injected with 9 ml/kg of 50% glycerol, administered in equally divided doses into the hindlimbs, as previously described (37) . Either 4 or 24 h later, plasma, urine, and kidney samples were obtained as noted above. Four normal mice served as controls.
Ischemia-reperfusion-induced AKI. Twelve mice were subjected to 25 min of bilateral renal pedicle occlusion, conducted through a midline abdominal incision. Body temperature was maintained at 37°C. Following vascular clamp removal, the abdominal cavity was closed with sutures in two layers (38) . The mice were then divided into two groups: early reperfusion (4 h; n ϭ 6) and late reperfusion (ϳ24 h; n ϭ 6). The mice used for early reperfusion studies received 1 mg of furosemide via a tail vein injection to induce a diuresis. Four hours later, urine samples were obtained from the urinary bladder and then the kidneys were resected for subsequent renal cortical mRNA analysis. Six sham-operated mice, also injected with furosemide, were used to obtain control urine and renal cortical tissue samples. The late reperfusion mice (n ϭ 6) were allowed to recover from anesthesia. At the approximate 24-h time point, they were reanesthetized, a urine sample was obtained from the bladder (without furosemide administration), a terminal plasma sample was collected for BUN analysis, and then the kidneys were resected for mRNA analysis. Six shamoperated mice served as controls.
Endotoxemia-induced renal failure. Endotoxemia induces a "prerenal" form of acute renal failure in mice, mediated by a primary increase in renal vasoconstriction in the absence of tubular necrosis (e.g., Refs. 32 and 34). Thus we used this model to assess whether albuminuria/proteinuria result. Mice were subjected to intraperitoneal injection of Escherichia coli endotoxin (10 mg/kg; 0111:B4; L-2630) (35) . Either 2 or ϳ24 h later (n ϭ 5 at each time point), the mice were anesthetized, and plasma, urine, and kidney samples were obtained, as noted above. Four normal mice served as controls.
Unilateral ureteral obstruction/obstruction release. Six mice were anesthetized and subjected to left ureteral obstruction, created at the ureteral midpoint with a silk ligature (40, 42) . Approximately 24 h later, the mice were reanesthetized. Three of the mice had the dilated left renal pelvis aspirated with a syringe fitted with a 26-gauge needle, and the urine samples were saved. The obstructed left kidneys and the unobstructed right kidneys were then resected. The remaining three mice had their urinary bladders emptied, and the left ureteral ligature was removed to permit urinary drainage. Then, the right ureter was ligated. By so doing, all subsequent urine within the urinary bladder originated from the postobstructed left kidney. The abdominal cavities were then closed by resuturing. Approximately 24 h later, they were reanesthetized, urine was collected from the bladder, a plasma sample was obtained for BUN analysis, and the kidneys were resected. An equal number of sham-operated mice served as controls.
Analysis of mouse tissue and urine samples. Mouse uTP and uAlb concentrations were determined by the pyrogallol red-molybdate (24) and the bromocresol green (Bioassays, Hayward, CA) methods, respectively. The uTP and uAlb results were expressed as absolute urine concentrations (mg/dl) and as uTP/uCr and uAlb/uCr ratios. The percentage to which uAlb contributed to the total urine protein uTP (uAlb/uTP %) was also determined (uAlb/uTP ϫ 100%). RNA was extracted from renal cortices with the RNeasy kit method (Qiagen), and the samples were assayed for albumin mRNA by RT-PCR using the primers presented in Table 2 . For comparison, NGAL mRNA levels were also assessed (20) . ␣-Fetoprotein mRNA was also quantified by RT-PCR using primers from R&D Systems (RDP337). The albumin, NGAL and ␣-fetoprotein mRNA results were factored by simultaneously obtained GAPDH product, used as a "housekeeping" gene.
Cultured Human Proximal Tubule (HK-2) Cell Experiments
mRNA assessments. The following experiments were conducted to ascertain whether acutely damaged proximal tubule cells respond with an increase in albumin mRNA. To this end, HK-2 cells, an immortalized proximal tubule cell line derived from normal human kidney, were used (27) . They were maintained in T75 flasks with keratinocyte serum-free medium (KSF-M) supplemented with pituitary extract and L-glutamine, as previously described (27) . For experimentation, they were split by trypsinization and seeded into T25 Costar flasks. Approximately 6 h later, the flasks were divided equally into three groups (n ϭ 7 flasks/group): 1) control incubation with KSF-M; 2) incubation with antimycin A (7.5 M); or 3) incubation with antimycin AϩCa ionophore A23187 (10 M) (11) . After completing an overnight incubation, the cells were harvested for albumin mRNA analysis using the primers presented in Table 2 . As a comparison, NGAL mRNA levels were also assessed (13) . The mRNA results were factored by the simultaneously determined values for GAPDH.
RNA Poll II binding assessments. Pol II binding increases at the transcription start site of genes during active transcription. Therefore, to gain further support for the concept that injury induces albumin and NGAL gene transcription, the combined antimycin A/Ca ionophore challenge was repeated in seven flasks of HK-2 cells and in eight controls flasks. After overnight incubations, chromatin was harvested, fixed in formalin, and sheared (20) . Pol II binding to exon 1 of the albumin and NGAL genes was assessed by chromatin immunoprecipitation assay (ChIP), as previously described (20) . The albumin primers used are presented in Table 2 . The results were factored by the amount of Pol II detected at exon 1 of the ␤-actin housekeeping gene.
Clinical Study
Patient cohorts. Urine samples were obtained from a subset of patients enrolled in a large prospective observational study of critically ill adult patients treated in multiple intensive care units (ICU) at Vanderbilt University (20, 29) . The research project was reviewed and approved by the Vanderbilt University Institutional Review Board (IRB). Informed consent was obtained from the patient or surrogate, whenever possible; however, given the minimally invasive nature of the study, a waiver of consent was deemed permissible by the Vanderbilt IRB. Samples were collected between February 2006 and March 2009. They were collected on the morning of ICU day 2 from 14 critically ill patients who developed AKI (AKIϩ), defined as Ն50% or Ն26.5 mol/l increase in serum creatinine from the value measured closest to enrollment. ICU control samples were collected from 15 critically ill patients who did not develop AKI (AKIϪ), but who had comparable overall illness severity as judged by Acute Physiology and Chronic Health Evaluation II scores (APACHE II; see Table 1 ). The AKIϩ and AKIϪ populations were also matched for age, race, gender, and sepsis status. As normal controls, six urine samples were obtained from healthy volunteers (data not included in Table 1 ). Thus a total of 35 urine samples were used for the clinical portion of this study. All of the AKIϩ patients in the study population had a presumptive nephrological diagnosis of "acute tubular necrosis," as judged by consulting nephrologists.
Total protein, albumin, NGAL, and MCP-1 analyses. Two-milliliter urine samples were centrifuged (10,000 rpm), and the supernatants were assayed for total protein (pyrogallol red-molybdate) and albumin concentrations (immunoturbidity; Beckman Coulter; model DxC 600). As comparators, the results were compared with those for either NGAL or to MCP-1, the latter being comparable to NGAL as an AKI biomarker (20) . NGAL and MCP-1 levels were measured by ELISAs, performed by the Cytokine Shared Resource Laboratory, Fred
Hutchinson Cancer Research Center. The results were factored by corresponding urine creatinine concentrations.
ChIP assay. The urine pellets obtained from the above centrifugations were formalin fixed, sheared, and used to determine Pol II binding to exon 1 of the albumin gene. For comparison, Pol II binding was also assessed at exon 1 of the NGAL and MCP-1 genes (20) . The methods used were as previously described (20) . The albumin primers used for ChIP assay are presented in Table 2 . All Pol II binding results were factored by the amount of Pol II at exon 1 of the ␤-actin housekeeping gene (20) .
Calculations and Statistics
All values are presented as means Ϯ SE, unless otherwise indicated. Statistical comparisons were performed by an unpaired Student's t-test. If multiple comparisons were made, the Bonferroni correction was applied. Receiver-operating curve characteristics (ROC) for clinical data were computed parametrically using a bi-negative exponential model [PASW Statistics 18.0 for Macintosh (IBM)].
RESULTS
Maleate Model of Nephrotoxic AKI
Absolute urine protein concentrations. Within 4 h of maleate injection, there were marked increases in both uAlb and uTP concentrations ( Fig. 1, top) . The albumin increase was larger, and this resulted in a doubling of albumin's contribution to the total urinary protein content (uAlb/uTP ϫ 100%; rising from 30 to 60%; top right). By 24 h post-maleate injection, further increases in both albumin and total protein concentrations were observed. The uAlb/uTP % remained elevated at ϳ65%.
Urine protein/creatinine ratios. Factoring the uTP and uAlb concentrations by the urinary creatinine concentration magnified the differences between the control and maleate-treated animals. For example, at 4 h post-maleate injection, the uTP/ uCr and uAlb/uCr values were ϳ20-to 40-fold higher than seen in the control animals ( Fig. 1, middle) . This was due to a concomitant increase in both uTP and uAlb concentrations, as well as corresponding reductions in urine creatinine values ( Fig. 1 , middle, far right).
Renal cortical mRNA concentrations. As expected, maleate induced dramatic stepwise increases in NGAL mRNA levels. Surprisingly, stepwise increases in renal cortical albumin mRNA values (Fig. 1, bottom right) were also observed.
Severity of AKI. Maleate caused severe AKI, as denoted by marked increases in the 24-h BUN concentrations (98 Ϯ 13 mg/dl; controls, 26 Ϯ 1; P Ͻ 0.01).
Glycerol Model of Rhabdomyolysis-Induced AKI
Absolute urine protein concentrations. Urine samples that were collected at 4 h post-glycerol injection were deep red in color, reflecting myohemoglobin excretion, as is typical of this acute renal failure model. This precluded accurate urinary protein assessments at this time, given that the assays are colorimetric. However, by 24 h post-glycerol injection, the urine had returned to normal color and hence, these were assayed. Up to sixfold increases in both urinary total protein and urinary albumin concentrations were observed (Fig. 2) . As with maleate, the % contribution of albumin to total urine protein increased, rising from 33 to 66% (Fig. 2, top right) . Urine protein/creatinine ratios. As with maleate, factoring the uTP and uAlb concentrations by urine creatinine magnified the differences between the control and AKI urine samples (ϳ10-to 20-fold greater in the post-glycerol vs. the control samples) (Fig. 2, middle) . Again, as with maleate, this was due to the fact that the urine creatinine concentrations were reduced in the postglycerol urine samples (Fig. 2, middle right) .
Renal cortical mRNA levels. NGAL mRNA demonstrated the expected stepwise increase post-glycerol injection (Fig.  2, bottom) . An accompanying increase in albumin mRNA was also observed (3-fold control values at the 24-h time point).
Severity of AKI. All of the glycerol-treated mice developed severe renal failure (BUN, 146 Ϯ 9 mg/dl; controls, 26 Ϯ 1; P Ͻ 0.01).
Ischemia-Reperfusion-Induced AKI
Absolute urine protein concentrations. At both 4 and 24 h postischemia, uTP and uAlb concentrations were elevated, compared with control mice, but only the 24-h uAlb values achieved statistical significance (Fig. 3, top) . However, the uAlb/uTP % was significantly higher in the postischemia groups at both the 4-and 24-h time points (ϳ60% vs. ϳ30% for the controls; consistent with both the maleate and glycerol models).
Urine protein/creatinine ratios. Factoring the absolute uTP and uAlb levels by urine creatinine concentrations revealed ϳ5-to 20-fold higher values for both at 4-and 24-h postischemia mice compared with control mice (Fig. 3, middle) . As noted in the glycerol and maleate models, these dramatic increases reflected both increased protein and albumin concentrations and corresponding decreases in urine creatinine concentrations (see Fig. 3, middle, far right) .
Renal cortical mRNA values. NGAL mRNA was significantly elevated at 24 h, but not at 4 h, postischemia (Fig. 3,  bottom) . Conversely, the albumin mRNA values were elevated at both time points.
Severity of AKI. The ischemia-reperfusion protocol induced severe renal failure, as denoted by the 24-h BUN concentrations (156 Ϯ 3; vs. controls, 27 Ϯ 1 mg/dl; P Ͻ 0.001).
Mouse Model of Endotoxemia
Absolute urine protein concentrations. No increases in uTP or uAlb concentrations were observed at either 2 or 24 h post-LPS injection (Fig. 4, top) . Rather, LPS significantly reduced uAlb levels compared with the control values. Thus, unlike the above structural models of AKI which induce tubular necrosis, this prerenal form of AKI did not evoke increased albumin excretion.
Urine protein/creatinine ratios. LPS did not alter urine creatinine concentrations (Fig. 4, middle) . Thus, factoring urine protein concentrations by uCr did not change the relative amounts of albumin or total protein between the endotoxemic and control animals.
Renal cortical mRNA concentrations. LPS caused a marked stepwise increase in renal cortical NGAL mRNA (Fig. 4,  bottom) . Conversely, albumin mRNA was unchanged at 2 h post-LPS. and it was significantly suppressed by ϳ50% at the 24-h post-LPS time point (P Ͻ 0.025).
LPS-induced azotemia. LPS injections evoked mild azotemia, as reflected by 24-h BUN concentrations (55 Ϯ 14 vs. 24 Ϯ 2 mg/dl; P Ͻ 0.025).
Mouse Model of Ureteral Obstruction
Absolute urine protein concentrations. Urine aspirated from the renal pelvis of kidneys subjected to 24 h of ureteral Fig. 3 . Ischemia-reperfusion injury model in mice. uTP, uAlb, renal cortical albumin mRNA, and NGAL mRNA levels at 4-and 24-h time points are presented (top, middle, and bottom, respectively). Two sets of controls were used, one with (4 h) and one without (24 h) furosemide use to stimulate a diuresis. obstruction had normal uTP, but elevated uAlb, concentrations (Fig. 5, top) . This resulted in the uAlb/uTP% rising from 24 to ϳ60% (Fig. 5, right) . However, by 24 h post-release of ureteral obstruction, the uAlb, uTP, and uAlb/uTP % values all returned to normal levels.
Urine protein/creatinine ratios. The urine creatinine concentrations were markedly reduced both during and after the period of ureteral obstruction (Fig. 5, middle) . This raised the uTP/uCr and uAlb/uCr ratios in the presence of ureteral obstruction. However, by 24 h post-release of obstruction, no increase in uAlb/uCr concentrations was observed.
Renal cortical mRNA concentrations. Unilateral ureteral obstruction (UUO) caused an approximate 15-fold increase in renal cortical NGAL mRNA (Fig. 5, bottom) . Conversely, no increase in albumin mRNA was observed. Of note, UUO and bilateral ureteral obstruction (BUO) can exert differing effects on renal parenchyma (e.g., Ref. 19 ). Thus NGAL and albumin mRNAs were also assessed in five additional mice that had been subjected to 24 h of BUO. Again, a marked increase in NGAL, but not in albumin mRNA levels, was observed.
Azotemia. As expected, the presence of UUO and BUO caused mild and severe azotemia, respectively (control 24 Ϯ 41; UUO, 32 Ϯ 2; and 126 Ϯ 6 mg/dl).
HK-2 cell assessments. When cultured proximal tubule cells were challenged with a mitochondrial inhibitor, antimycin A, or with antimycin Aϩa Ca 2ϩ ionophore (Ca), marked and comparable increases in albumin mRNA and NGAL mRNA resulted (Fig. 6 ). As shown in Fig. 6 , right, the NGAL and albumin mRNA increases were associated with significant increases in Pol II binding to exon 1 of these two genes, implying that the mRNA increases likely arose from increased transcription.
Clinical Assessments
Fifteen critically ill, ICU hospitalized, patients with AKI (8 of whom eventually required hemodialysis; see Table 2 ), and 14 APACHE II matched critically ill ICU patients who did not develop azotemia (AKIϪ) formed the patient cohort for this part of the study (Table 2 , Figs. 7-9 ). The patients were enrolled in an IRB approved observational cohort study at Vanderbilt University (29) , the goal of which is to identify biomarkers of critical illness. The serum creatinine concentrations for the AKIϩ and AKIϪ groups at the time of urine sampling were 2.65 Ϯ 0.31 and 0.84 Ϯ 0.1 mg/dl, respectively (P Ͻ 0.01). Selected clinical demographics and associated conditions for these two patient groups are presented in Table 1 .
The urine protein concentrations are presented as uTP/uCr and uAlb/uCr ratios. The AKI negative (AKIϪ) patients had modestly increased uTP/Cr and uAlb/Cr ratios compared with the normal (control) volunteers (Fig. 7) . However, the % contribution of albumin to the total urine protein levels remained unchanged for the AKIϪ group (ϳ15%). Conversely, the AKIϩ group had markedly elevated uAlb/uCr and uTP/uCr values (e.g., ϳ10-fold higher than AKIϪ patients), and the contribution of albumin to the total urine protein concentration rose from control values of ϳ15 to ϳ50%. Of note, the uAlb/uTP% values for the AKIϩ patients (ϳ50%) were highly comparable to the values observed in the three experimental Fig. 6 . HK-2 cell analyses. Albumin and NGAL mRNA levels, and RNA polymerase II (Poll II) binding to the albumin and NGAL genes, were assessed 24 h following control incubations or exposure to antimcyin A (AA) or AAϩCa 2ϩ ionophore A23187 (Ca) addition. AA alone or AAϩCa ionophore each induced marked increases in albumin mRNA and NGAL mRNA. In addition, antimycin AϩCa ionophore induced an approximate 2-to 3-fold increase in Pol II binding to exon 1 of the albumin and NGAL genes (right), implying that the increase in mRNA values reflected increased gene transcription. Fig. 7 . Clinical assessments of uAlb/uCr ratios, uTP/Cr ratios, and the percentage to which albumin contributed to the total protein concentrations in control subjects (C) and in ICU patients with and without acute kidney injury (AKI; AKIϩ and AKIϪ, respectively). There was a trend toward higher urine protein concentrations in the AKI-Ϫ vs. the control group (implying subclinical renal injury). The AKIϩ patients manifested striking increases in both albumin and total urine protein, with albumin showing a preferential increase (reflected by a significant increase in albumin's contribution to the total urine protein concentration, ϳ50%). This uAlb/uTP ratio closely agreed with the values observed in the mouse AKI studies. intrarenal models of AKI (50 -65%), thereby representing a strong experimental-clinical correlate.
A comparison of uAlb/uCr ratios with the ratios for the two reference biomarker proteins, NGAL and MCP-1, is presented in Fig. 8 . The same profiles were observed for these three proteins: modest, but significant (P Ͻ 0.025) NGAL and MCP-1 protein elevations in the AKI-patient group (vs. normal volunteer samples), and marked elevations of each in the AKIϩ groups. When the performances of uAlb/uCr, uNGAL/uCr, uMCP-1/uCr, and uTP/uCr ratios were compared by ROC, the degrees of utility were comparable. However, uAlb/uCr had the highest AUC (0.874; Fig. 9) .
As an index of in vivo gene transcription, levels of Pol II binding to urinary fragments of the albumin, MCP-1, and NGAL genes (exon 1) were assessed, and the results were factored by values at the housekeeping ␤-actin gene. As shown in Fig. 10 , the AKIϪ and control patients had either minimal or no evidence of increased Pol II binding to any of these three genes. Conversely, the AKIϩ patients had striking (5-to 20-fold) increases that quantitatively paralleled the observed increases in NGAL, MCP-1, and urine albumin levels.
Assessments of ␣-Fetoprotein Gene Expression Following Experimental and Clinical AKI
Experimental AKI. Because the above experimental and clinical data indicated that AKI activated the albumin gene, we assessed whether this same type of change could be observed with a second gene which is normally associated with the liver, rather than the kidney. To this end, ␣-fetoprotein mRNA levels were measured in control renal cortex and in the renal cortex obtained 24 h post-ischemic renal injury and 24 h post-maleate and -glycerol injections. As shown in Fig. 11 , each of these three intrarenal AKI models induced approximately fourfold increases in ␣-fetoprotein mRNA levels compared with values observed in control kidneys.
Clinical AKI. To seek a clinical correlate, urinary ␣-fetoprotein levels were measured in the clinical urine samples. The AKIϩ group had a fourfold increase in ␣-fetoprotein/Cr ratios (149 Ϯ 28 pg/mg Cr) compared with normal controls (38 Ϯ 14 pg/mg creatinine; P Ͻ 0.025). However, even the AKIϪ group had elevated ␣-fetoprotein levels (114 Ϯ 26 pg/mg Cr), suggesting the potential of subclinical renal injury in this patient population [analogous to elevated urine NGAL levels in AKIϪ patients (793 Ϯ 387 ng/mg Cr) compared with normal urine samples (28 Ϯ 5 ng/mg; P Ͻ 0.025, as depicted in Fig. 8)] .
DISCUSSION
Albuminuria is a well-accepted biomarker for various glomerulopathies, and its degree conveys both diagnostic and prognostic information. However, its potential utility as an AKI biomarker has not been rigorously tested. There are at least three potential reasons to suggest potential utility in this Fig. 9 . Clinical assessments of receiver-operator characteristics curves (ROC) for acute kidney injury, derived by using uAlb/Cr, uTP/Cr, MCP-1/Cr, and NGAL/Cr for the 29 AKIϩ and AKIϪ patients who are described in the text. The greatest area under the curve was for albumin (0.874), followed by MCP-1 (0.819), NGAL (0.810), and uTP. regard. First, both ischemic and toxic forms of AKI can alter glomerular structure and function (1, 15, 30, 31, 33) , and hence, potentially increase albumin filtration. Second, proximal tubular injury almost certainly decreases tubular albumin reabsorption, in a fashion analogous to that observed for freely filtered low-molecular-weight serum proteins, such as ␤2-microglobulin and cystatin C (17, 26, 39) . Third, and as will be discussed at length below, it appears that the albumin gene, which is normally silent within the kidney, is induced by AKI, in a fashion analogous to NGAL or KIM-1. Given the relatively large amount of albumin that is normally filtered, it seems quite unlikely that renal tubular albumin gene induction, with possible albumin synthesis, would make more than a trivial contribution to total urinary albumin excretion. Nevertheless, that AKI can induce the albumin gene helps to place the interpretation of urinary albumin excretion in a new theoretical context.
To gain support for the concept that albuminuria may, indeed, have value as an AKI biomarker, we first sought "proof of concept" using five different mouse models of AKI. Three of these, ischemia-reperfusion injury, maleate nephrotoxicity, and the glycerol model of rhabdomyolysis, are classic examples of so called "intrarenal acute renal failure," as defined by the presence of severe proximal tubular necrosis, apoptosis, intraluminal cast formation, and resultant filtration failure (e.g., Refs. 6, 7, 21, 22, 36) . Each of these three models evoked marked increases in urinary albumin excretion, as assessed by either absolute urine albumin concentrations and/or after they were factored by corresponding urine creatinine levels. Of further note, albumin's contribution to the total urinary protein concentration approximately tripled in each of these intrarenal AKI models, rising from control values of ϳ17% to as high as 65%. This suggests that a preferential increase in urinary albumin excretion had occurred. Finally, the increase in urinary albumin levels were observed as early as 4 h after initiation of renal injury and either remained stable, or increased thereafter. Thus an increase in urinary albumin concentrations would appear to have potential utility as an early AKI biomarker (i.e., before the emergence of significant azotemia).
A highly desirable feature of an AKI biomarker is an ability to differentiate between intrarenal vs. so-called "prerenal"
(renal vasoconstriction-induced; e.g., as induced by LPS) or "postrenal" (obstructive) acute renal failure. This can be particularly problematic for several biomarkers, given that sepsis syndrome, even in the absence of tubular injury, can raise urinary biomarker levels (e.g., NGAL and MCP-1) (20) . The present results suggest that albuminuria does not share this deficiency, given that urine albumin concentrations were significantly reduced at both 2 and 24 h following LPS injection. Further suggesting a degree of specificity for intrarenal forms of AKI was the finding that urine samples obtained from postobstructed kidneys also retained normal albumin and albumin/total protein ratios. Given these experimental findings, future clinical testing of albumin's utility in differentiating prerenal, postrenal, and intrarenal AKI seems warranted.
Because the above results indicated that urinary albumin acutely rises with the induction of experimental renal tubular injury, we next explored what we initially considered to be a highly implausible hypothesis: that the albumin gene, normally silent in the kidney, might be injury-inducible within the renal cortex, and more specifically, within proximal tubular cells. To test this hypothesis, renal cortical albumin mRNA levels were measured in both normal renal cortex and in renal cortex following induction of each of the five AKI models described above. As a point of reference, the results were contrasted with those obtained for NGAL mRNA, a well-accepted AKI biomarker gene. Surprisingly, albumin mRNA could be detected in normal renal cortex, albeit at very low levels. Furthermore, with each of the three models of proximal tubular injury (ischemia-reperfusion, maleate, and glycerol), significant albumin mRNA increases were observed. Indeed, both the patterns and relative degrees of its expression fully paralleled those seen for NGAL mRNA. In contrast, whereas both endotoxemia and ureteral obstruction induced marked renal cortical NGAL mRNA increases, no increases in albumin mRNA were observed. In sum, these mRNA results suggest the following: 1) albumin mRNA can be detected, albeit at very low levels, in normal renal cortex; 2) it, like NGAL, appears to be an injury-inducible gene; and 3) albumin mRNA appears to have greater specificity for intrarenal forms of AKI than does NGAL, based on the results of the ureteral obstruction and endotoxemia experiments. Indeed, these mRNA findings completely paralleled the urinary albumin (i.e., protein) assessments, which also demonstrated urinary albumin increases with intrarenal-induced, but not with endotoxemic-or ureteral obstruction-induced renal failure.
Given the heterogeneity of cell types within the renal cortex, we next questioned whether the injury-induced increases in albumin mRNA reflected proximal tubular cell events. Of note in this regard is that the proximal tubule is the principal site of injury in most forms of intrarenal acute renal failure (including that induced by maleate, ischemia, and rhabdomyolysis). To address this issue, proximal tubular cell-specific results were sought using human-derived proximal tubular HK-2 cells (12, 27) . When these cells were subjected to an antimycin A Ϯ Ca ionophore challenge, marked albumin mRNA increases were observed, paralleling those seen with NGAL. Furthermore, these mRNA increases were paralleled by increased Pol II recruitment to the albumin and NGAL genes. Given that Pol II is the enzyme that drives transcription, the degree of Pol II gene binding serves as an indirect index of transcription rates (16, 23) . Thus these HK-2 results support the concept that AKI Fig. 11 . Renal cortical ␣-fetoprotein mRNA levels in control mice and in mice with post-ischemia-reperfusion (I/R)-, glycerol-, and maleate-induced acute renal failure. These assessments were made ϳ24 h after the initial renal insult. P values compare results to that observed in normal renal cortical tissues.
can increase albumin gene transcription within proximal tubular cells.
To seek clinical correlates of the animal and cell culture data, urinary albumin and total protein concentrations were measured in ICU patients with early AKI (AKIϩ), and the results were contrasted with those obtained from AKIϪ ICU patient controls. Urine NGAL and MCP-1 protein concentrations were also assayed, serving as two reference biomarkers (20) . As shown in Fig. 7 , ϳ10-fold higher albumin/Cr ratios were observed in the AKIϩ vs. the AKIϪ patients, and these results were essentially paralleled by urinary NGAL and MCP-1 increases (Fig. 8) . Indeed, a direct comparison of the urinary albumin/Cr vs. NGAL/Cr vs. MCP-1/Cr ratios by ROC curves demonstrated that albumin was at least equivalent (AUC 0.874) to these two comparator biomarker proteins (NGAL, 0.810; MCP-1, 0.819; Fig. 9 ). In an attempt to gain clinical support for the experimental finding that AKI can activate the albumin gene, Pol II binding to urinary albumin gene fragments was assessed and the results were factored by Pol II levels at the ␤ actin housekeeping gene. As shown in Fig.  10 , the AKIϩ patients manifested approximately fivefold increases in Pol II-albumin gene binding, compared with the AKIϪ ICU controls. Clearly, ChIP analyses of urinary gene fragments can only serve as an indirect gauge of in vivo events. However, in the absence of direct tissue assessments (not possible without a renal biopsy), urine ChIP analysis would appear to be the most useful available technique for evaluating this issue.
Finally, we questioned whether AKI-mediated albumin gene induction might extend to other genes that are predominantly expressed in the liver. In this regard, ␣-fetoprotein is the embryonic equivalent of albumin, and indeed, both the albumin and ␣-fetoprotein gene reside on the same chromosome (chromosome 4). Thus we tested whether ␣-fetoprotein might, like albumin, be AKI inducible. Using commercially available primers, we probed RNA extracts from postglycerol, postmaleate, and postischemic kidney samples, and approximately fourfold ␣-fetoprotein mRNA elevations were observed in each AKI model. Furthermore, when the clinical AKIϩ urine samples were analyzed for ␣-fetoprotein levels by ELISA, a fourfold increase was observed compared with normal urine samples. Thus, when these results are considered alongside of the albumin mRNA data, we speculate that AKI might induce a renal "hepatization" response: i.e., whereby the damaged kidney expresses hepatic cell markers that are normally suppressed. In other words, AKI induces selected markers of an hepatic phenotype.
Four limitations of this study require mention. First, although AKI induced dramatic increases in albumin mRNA (renal cortex, HK-2 cells) and increased Pol II-albumin gene binding (HK-2 cells; AKIϩ patient urine samples), it remains unknown whether increased in vivo renal albumin synthesis occurred. Indeed, it remains possible that in vivo renal tubular injury could block albumin translation. If so, then the injuryinduced increases in urinary albumin excretion would solely reflect increased albumin filtration/decreased tubule albumin reabsorption. Second, the AKIϩ patient cohort consisted of patients who already had established, albeit relatively early, acute renal failure. Thus, despite the fact that albuminuria was seen as early as 4 h post-AKI induction in mice, albumin's utility as an early AKI biomarker in patients (i.e., appearing before the onset of azotemia) remains unknown. Third, the present study was a case-controlled, rather than a cohort, study. This could potentially limit the ability to generalize the current results to a more broad-based patient population. Finally, it is notable that with each of the four tested biomarkers (albumin, NGAL, MCP-1, ␣-fetoprotein), increased urinary concentrations were observed in the AKIϪ patients compared with the normal volunteer group. This implies that the distinction between AKIϩ vs. AKIϪ is somewhat arbitrary. Rather it appears more likely that a spectrum of renal injury exists in critically ill (ICU) patients which can be observed even in the absence of filtration failure.
In sum, this study documents that quantifying urinary albumin levels has utility as a biomarker of intrarenal forms of acute tubular injury. Indeed, given the universal availability of a urine albumin assay, its relatively low cost, and albumin's comparable performance to at least two other urinary protein AKI biomarkers (NGAL, MCP-1), it would appear to be a useful comparator test when making clinical AKI biomarker assessments. The current study also puts forth a new concept: that the albumin gene, which is normally silent within the kidney, is rapidly induced by AKI, as indicated by increases in renal cortical albumin mRNA expression and by increased Pol II binding to the albumin gene (e.g., as in urine samples from AKIϩ vs. AKIϪ controls). In addition, this study demonstrates for the first time that experimental AKI can also increase the expression of the renal ␣-fetoprotein gene. This implies that AKI-mediated albumin gene induction is part of a more broadbased response: whereby the injured kidney assumes selected components of an hepatic phenotype. Given the relatively large amount of albumin that is normally filtered by the glomerulus, it is seems quite unlikely that any potential increase in tubular albumin synthesis would have more than a trivial effect on urinary albumin concentrations. Nevertheless, that the albumin gene is upregulated following AKI places studies of albumin handling by the kidney in a new context: that albumin is an acute stress reactant in the kidney, analogous to that of other stressactivated proteins. The potential implications of this albumin "stress response" vis à vis the evolution of renal injury remains unknown. A compelling question in this regard is whether induction of the albumin or ␣-fetoprotein gene might exert protective effects on injured tubules, such as occurs with other stress-activated proteins (e.g., heme oxygenase 1) (21, 22) . Perhaps the results of the present study can stimulate future investigations of this issue.
